The ability of peroxynitrite to modify amino acid residues in glutamine synthetase (GS) and BSA is greatly inf luenced by pH and CO 2. At physiological concentrations of CO 2 (1.3 mM), the generation of carbonyl groups (0.2-0.4 equivalents͞subunit) is little affected by pH over the range of 7.2-9.0, but, in the absence of CO 2 , carbonyl formation increases (from 0.1-1.2 equivalents͞subunit) as the pH is raised from 7.2 to 10.5. This increase is attributable, in part but not entirely, to the increase in peroxynitrite (PN) stability with increasing pH. Of several amino acid polymers tested, only those containing lysine residues yielded carbonyl derivatives. In contrast, the nitration of tyrosine residues of both GS and BSA at pH 7.5 almost completely depends on the presence of CO 2. However, the pH profiles of tyrosine nitration in GS and BSA are not the same. With both proteins, nitration decreases Ϸ65% with increasing pH over the range of 7.2-8.4, but, then in the case of GS only, there is a 3.4-fold increase in the level of nitration over the range pH 8.4-8.8. The oxidation of methionine residues in both proteins and in the tripeptide Ala-Met-Ala was inhibited by CO 2 at both high and low pH values. These results emphasize the importance of controlling the pH and CO 2 concentrations in studies involving PN and indicate that PN is not likely to contribute appreciably to carbonyl formation or oxidation of methionine residues of proteins at physiological pH and CO 2 concentrations.
With the discovery that peroxynitrite (PN) is generated in vivo by reaction of nitric oxide with superoxide anion, and the demonstration that PN can modify a number of biological molecules, including proteins, lipids, and nucleic acids, considerable attention has been given to the role of PN in oxidative cellular damage. Among other changes, PN has been shown to promote the nitration of tyrosine residues (1, 2) and the oxidation of methionine (3-7) and cysteine (8) (9) (10) (11) residues of proteins.
Because various kinds of reactive oxygen species have been shown to convert some amino acid residues of proteins to carbonyl derivatives, the level of protein carbonyl groups has been widely accepted as a reliable marker of reactive oxygen species-promoted tissue damage. Studies in this laboratory (B.S.B., R.L.L., and E.R.S., unpublished work) and results of others (12) demonstrated that exposure of proteins to PN leads to only marginal increases in the carbonyl content. In contrast, it was reported (13) that high yields of protein carbonyls (8-9 mol͞mol) were obtained when preparations of Ca-ATPase from the sarcoplasmic reticulum were treated with PN. Because Ca-ATPase preparations likely contain microsomal lipids, it is possible that lipid peroxidation contributes to the formation of carbonyl groups in the studies with this enzyme. In view of the fact that CO 2 reacts rapidly with PN to form a derivative with greatly enhanced ability to nitrate tyrosine residues of proteins (14) (15) (16) (17) and relatively little ability to oxidize methionine residues compared with PN alone (6, 7) , the possibility that CO 2 affects also the ability of PN to generate carbonyl groups in proteins must be considered. Moreover, because stock solutions of PN preparations are maintained in strongly alkaline solutions, substantial changes in pH of reaction mixtures will occur in the absence of adequate buffering capacity when, as is necessary, the reactions are initiated by addition of PN.
The present work was undertaken to define more clearly the effects of pH, CO 2 , and unsaturated fatty acids on the PNdependent modification of proteins. Such information is fundamental to assessment of the role of PN in oxidative damage associated with aging, oxidative stress, and various pathologies. Because much information is already available on the modification of BSA and glutamine synthetase (GS) by PN and other forms of reactive oxygen species, these proteins were used for the present studies.
MATERIALS AND METHODS
Chemicals. PN was prepared by two methods: the reaction of ozone with sodium nitrite (18) ) was isolated as described (20) . BSA ( 278 nm ϭ 41,000 M Ϫ1 ⅐cm
Ϫ1
), 2,4-dinitrophenylhydrazine, and egg yolk lecithin were from Sigma.
Carbonyl Determination. Protein carbonyls were quantitated by spectrophotometric measurement of their 2,4-dinitrophenylhydrazone derivatives ( 370 nm ϭ 22,000 M Ϫ1 ⅐cm
) as described by Levine et al. (21) . Because nitrotyrosine also absorbs at 370 nm, its spectral contribution was determined in samples not treated with 2,4-dinitrophenylhydrazine, and this value was subtracted from samples treated with 2,4-dinitrophenylhydrazine.
Lipid Peroxidation. Linoleic acid hydroperoxides were synthesized from soybean lipoxygenase, and the 13-hydroperoxide was purified by HPLC (22) . Liposomes were made from lecithin by sonication. In brief, lecithin was dissolved in CHCl 3 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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to yield 100 mg͞ml. For 1.0 ml of liposomes, 0.2 ml of the CHCl 3 preparation (20 mg) was evaporated under nitrogen, and 1.0 ml of nitrogen-purged water was added. The anaerobic solution then was sonicated as described (23) . Thiobarbituric acid-reactive material was determined spectrophotometrically at 535 nm as described by Buege and Aust (24) . Peroxynitrite Decomposition. The time-dependent losses of PN at pH 8.6 and 9.5 that occurred during the incubation of PN with GS were calculated values, based on the experimentally determined rate constants for PN at pH 8.6 (k obs ϭ 0.0375 s
) and at pH 9.5 (k obs ϭ 0.0123 s
), under our experimental conditions. For these calculations, the fraction of PN consumed because of its reaction with GS was neglected because it represents a very minor amount compared with the loss attributable to spontaneous decomposition of PN. This follows from the fact that the amount of PN added (3,000 nmol) was an order of magnitude greater than the sum of all amino acid residues (200 nmol) of GS that disappeared, based on amino acid analysis, during the incubation period.
Buffers. Reaction mixtures (1.0 ml) containing the calculated amount of KHCO 3 needed to obtain the desired pH after equilibration with 5% CO 2 ͞95% N 2 (25) were placed in 12-ϫ 75-mm test tubes fitted with rubber sleeve stoppers (Kontes). The mixtures were purged with the CO 2 ͞N 2 gas mixture, which was delivered into the reaction mixture by means of an 18-gauge hyperdermic needle inserted through the stopper. A second 18-gauge needle inserted well above the reaction mixture served as an exhaust vent. Complete equilibration at the higher pH values required purging for 30 min. After purging, the reactions were initiated by adding PN to the mixture by means of a gas-tight syringe, the gassing was continued for 5 min, and then samples were taken for assay of protein modification. It is impracticable to study the effect of physiological concentrations of CO 2 at pH values Ͼ8.8 because of an unfavorable CO 2 -HCO 3 Ϫ equilibrium. A similar test tube assembly was used to obtain CO 2 -free reaction systems. Mixtures containing 0.3 M K-PO 4 at the desired pH were purged for 15 min with 100% N 2 , before adding the PN as described above.
Results of initial experiments on the generation of carbonyl groups in GS by PN were highly variable because of the fact that the buffering capacity of the reaction mixtures was insufficient to prevent significant changes in pH when aliquots of the highly alkaline PN stock solution were added. Therefore, when necessary, an amount of HCl needed to neutralize an equivalent amount of base in the aliquot of PN solution used was added to the reaction mixtures just before adding the PN. In all cases, the reported pH values refer to the pH measured after the reaction was over.
RESULTS

Direct Comparison of the Effects of pH and CO 2 on PN-Dependent Modification of Amino Acid Residues of GS.
PN reacts rapidly with CO 2 to form an adduct that, based on the physiological concentration of CO 2 (1.3 mM) and the rate constant, has been proposed to be the major intermediate in all physiological PN-dependent reactions (14) (15) (16) (17) . Results of earlier studies at pH 7.4 demonstrated that nitration of tyrosine residues of GS almost completely depends on the presence of CO 2 whereas the oxidation of methionine residues is almost completely prevented by physiological concentrations of CO 2 (6, 7) . To investigate the possibility that the effect of CO 2 is influenced by pH, we compared directly the PNdependent modification of GS under anaerobic conditions at both pH 7.5 and 8.6 in the presence of CO 2 (bicarbonate buffers) and in the absence of CO 2 (phosphate buffers), which were prepared as described in Materials and Methods. As shown in Fig. 1 , the level of methionine oxidation (methionine sulfoxide formation) in the absence of CO 2 was slightly higher at pH 7.5 than at pH 8.6; however, at both pH values, the oxidation was almost completely prevented by physiological concentrations of CO 2 .
A very different pattern was observed for the nitration of tyrosine residues in GS. At pH 7.5, nitration was almost completely dependent on the presence of CO 2 . At pH 8.6, CO 2 had little or no effect on nitration, and the extent of nitration was only about half that observed at pH 7.5 in the presence of CO 2 ( Fig. 1 ). This suggests (i) that nitrating species other than OONOCO 2 Ϫ may contribute to the nitration of tyrosine residues at the higher pH values or (ii) that, at the higher pH, proteins undergo conformational changes that expose more tyrosine residues to nitration. Finally, although CO 2 is without effect on the generation of carbonyl groups at pH 7.5, it inhibits significantly the formation of carbonyl groups at pH 8.6 ( Fig. 1 ).
FIG. 2.
Comparison of the time-dependent changes in carbonyl group formation in GS and in the levels of PN during incubation at pH 8.6 and 9.5. Reaction mixtures (1.0 ml) containing 1.0 mg GS, 3.0 mM PN, and 0.3M K-PO4 buffer at either pH 8.6 (closed triangles) or pH 9.5 (closed circles) were incubated at room temperature. At the times indicated, the levels of protein carbonyl groups were determined, and the levels of PN were calculated from the measured rate constants for the decomposition of PN at pH 8.6 (open triangles) and at pH 9.5 (open circles) as described in Materials and Methods. Fig. 2 , show that, in the absence of CO 2 , the carbonyl content of GS increases exponentially, from a value of 0.1 to a value of 1.2 mol͞mol subunit, as a function of increasing pH over the range of pH 7.2-10.25. This increase in carbonyls is probably attributable in part to an increase in PN stability because there is a parallel pHdependent increase in the half-life of PN (Fig. 2) . However, from a comparison of the time courses of carbonyl formation and the decomposition of PN at pH 8.6 and 9.5 (as described in Materials and Methods), it is evident that factors other than PN stability are also involved. Thus, as shown in Fig. 3 , at pH 8.6, carbonyl formation reaches a maximum value of Ϸ0.3 mol͞mol subunit after 20 s when only 50% of the added PN had been consumed. In contrast, at pH 9.5, the yield of carbonyl groups was 0.45 mol͞mol subunit after 20 s when only 20% of the PN had been consumed and continued to increase to a value of 0.6 mol͞mol after 40 s. But at both pH values, the added PN was not totally consumed during the 40 s of incubation.
Carbonyl formation in the presence of CO 2 . In contrast to the results summarized in Fig. 2 , carbonyl group formation in the presence of physiological concentrations of CO 2 is almost independent of variations in pH over the range of 7.0-9.0 (Fig.  4) . With both GS and BSA, only small amounts of carbonyl groups (0.1-0.4 mol͞mol subunit) were formed in the presence of CO 2 .
Tyrosine nitration. In the presence of CO 2, the nitration of GS and BSA exhibit very different pH profiles. As illustrated in Fig. 5 , tyrosine nitration in BSA decreases from a value of Ϸ3 mol͞mol of subunit to a limiting value of Ϸ2 mol͞mol as the pH is raised from 7. 3 to 8.8. Likewise, the nitration of tyrosine residues in GS decreases (from 2.3 to 1.0) as the pH is increased from 7.3 to 8.2. But, in contrast to BSA, further increases in pH from 8.2 to 8.8 leads to a dramatic increase in nitration, to a value of 4.5 mol͞mol. It is evident from these results that the effect of pH on the nitration of tyrosine residues of proteins is complex and unpredictable. Because the number of tyrosine residues in GS and BSA are almost the same (17 and 19͞subunit, respectively) , the large difference in nitration behavior at high pH values cannot be explained by differences in tyrosine content or by pH-dependent changes in the nitrating species involved. This raises the possibility that, at high pH values, GS, but not BSA, undergoes changes in protein conformation that lead to exposure of more tyrosine residues to nitration or to deprotonation of other residues in After purging for 30 min with a 5% CO2͞95% N2 gas mixture, 3.0 mM PN was added, the samples were incubated at room temperature for 5 min and then was assayed for carbonyl content as described in Materials and Methods.
FIG. 5.
Comparison of the pH-dependence of tyrosine nitration of GS and BSA in the presence of physiological concentrations of CO2. Reaction mixtures (1.0 ml) containing 3.0 mM PN and 1.0 mg of BSA (A) or 1.0 mg of GS (B) and bicarbonate concentrations needed to obtain the indicated pH values were prepared and incubated as described in Fig. 4 . Then, the levels of nitrotyrosine were determined as described in Materials and Methods.
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Proc. Natl. Acad. Sci. USA 96 (1999) the protein that affect the ability of tyrosine residues to be nitrated. Oxidation of methionine in the tripeptide Ala-Met-Ala. To investigate the possibility that the effect of CO 2 on the oxidation of methionine residues of proteins might be related to the protein structure, we examined the effect of CO 2 on oxidation of the peptide ala-met-ala. Here again, we see that the PN-dependent oxidation of the Met residue is strongly inhibited by CO 2 (Fig. 6 ) but is relatively independent of pH.
Identification of Amino Acids That Are Susceptible to Oxidation to Carbonyl Derivatives. Measurements of the amino acid content in protein hydrolysates of a protein are subject to an error of 5%; therefore, it is not possible to detect the loss of only one residue of any amino acid that is present in amounts Ͼ20 residues per mole of protein. Accordingly, because at alkaline pH only 0.25-1.5 carbonyl groups per mole were formed, it was not possible from amino acid analysis alone to identify which amino acids are the targets for the PN-dependent generation of carbonyl derivatives. Therefore, a series of homo-and heteroamino acid polymers of the more likely candidates were examined for their ability to form carbonyl derivatives on PN treatment. Specifically, reaction mixtures containing 3 mM PN, 0.3 M K-PO 4 (pH 8.6), and 1 mg͞ml of either poly Glu, poly Pro, poly His, Poly Arg, poly Lys, and poly Lys-Arg were incubated for 20 min at 37°C and then were assayed for carbonyl content. Poly Arg-Lys and poly Lys were the only polymers that yielded detectable amounts of carbonyl groups (data not shown). Therefore, lysine residues are likely candidates for the generation of carbonyl groups by PN-treatment at an alkaline pH. 4 , or H 2 O 2 to the PN reaction mixtures at pH values varying from 6.6 to 10.5 had no significant effect on the generation of protein carbonyl groups (data not shown).
Effect of Transition Metals and H 2 O 2 . Addition of 0.1 mM concentrations of either FeCl 3 , CuSO
Effect of PN Degradation Products. To investigate the possibility that breakdown products of PN, such as nitrate or nitrite, contribute to the generation of carbonyl groups, two experiments were performed. First, after incubation with PN in K-PO 4 buffer at pH 9.8, the sample was passed through a column of Sephadex G-25 (Amersham Pharmacia) to remove nitrates and nitrites and any other PN degradation products, and then the protein samples were analyzed for carbonyl content. There was no significant difference between the carbonyl content of GS measured before and after removal of the PN degradation products by gel filtration. In a second experiment, GS was added 5 min after the addition of PN (long enough for total destruction of PN), and then the mixtures were incubated for an additional 20 min. No protein carbonyls were detected in these ''reverse addition'' experiments.
Effect of Lipid Peroxidation. Viner et al. (13) demonstrated that PN can induce appreciable carbonyl formation (4-7 mol͞mol subunit) in the sarcoplasmic reticulum Ca-ATPase at physiological pH. This finding is contrary to the above results and data of earlier studies (B.S.B., R.L.L. and E.R.S., unpublished work) showing that barely detectable amounts of carbonyl groups are generated on treatment of either GS or BSA at the physiological pH of 7.4. Because the Ca-ATPase preparations likely contain some sarcoplasmic membrane-derived lipids, and because PN is known to promote lipid peroxidation (26, 27) , we investigated the possibility that lipids and or lipid peroxides might enhance the PN-mediated generation of protein carbonyl groups. In confirmation of the results of Radi et al. (26) , we showed that the PN-dependent oxidation of phosphatidylcholine liposomes leads to formation of thiobarbituric acid-reactive material, presumably malondialdehyde. Thus, addition of 0.1 mM PN to reaction mixtures containing 2 mg͞ml egg yolk phosphatidylcholine in 0.3 M K-PO 4 (pH 7.4) led to the formation of 0.5 mM equivalents of thiobarbituric acid reactive products; increasing the concentration of PN to higher values, up to 0.8 mM, led to further increases in the level of thiobarbituric acid reactive substances to a value of 0.8 mM.
To examine the effect of lipid peroxidation on formation of protein carbonyl groups, reaction mixtures containing BSA (1 mg͞ml), 0.3 M K-PO 4 buffer (pH 7.4), 1.5 mM PN, and various amounts of phosphatidylcholine were incubated for 20 min at 37°C and then were assayed for carbonyl groups (21) . Supplementation of the reaction mixture with phosphatidylcholine did not stimulate carbonyl formation. In fact, as the concentration of phosphatidylcholine was increased from 0 to 8.0 mg͞ml, there was a progressive slight decrease in the amount of carbonyl groups formed from a value of 1.06 to 0.87 mol͞mol, respectively.
Lipid peroxidation could play a role in PN-dependent protein carbonyl formation through the generation of lipid hydroperoxides. We examined the ability of linoleic-13-hydroperoxide to convert BSA to carbonyl derivatives in the presence of either Cu 2ϩ or Fe 3ϩ , both in the presence or absence of reducing agent (ascorbate). For comparison, similar experiments were performed with H 2 O 2 . The results, summarized in Fig. 7 , show that (i) lipid hydroperoxides in the presence of either copper or iron promote the formation of carbonyl groups in BSA, (ii) linoleic-13-hydroperoxide is more effective than H 2 O 2 in the metal-catalyzed formation of BSA carbonyl groups, (iii) Cu 2ϩ is more effective than Fe 3ϩ in the generation of carbonyl groups by either H 2 O 2 or linoleic-13-hydroperoxide, and (iv) ascorbate enhances the production of carbonyl groups in all combinations studied.
DISCUSSION
It is evident from the data presented here that only small amounts (0.1-0.4 mol per mol subunit) of carbonyl groups are formed when GS or BSA are treated with PN at physiological pH and CO 2 concentrations (Fig. 4) . However, in the absence of CO 2 , the yield of carbonyl groups in GS increased exponentially as a function of increasing pH over the range of 7.0 to 10.5 (Fig. 2) . Although the yield of carbonyl groups correlates well with the pH-dependent increase in PN stability, it is evident from a comparison of the time courses of carbonyl formation at pH 8.6 and 9.5 that PN stability alone cannot fully account for the pH effect. Among other possibilities, it is suggested that the pH-dependent increase in carbonyl formation also might reflect changes in protein conformation that FIG. 6 . Effect of pH and CO2 on the PN-dependent oxidation of methionine residues of the tripeptide Ala-Met-Ala. Reaction mixtures (1.0 ml) containing 0.075 mg of the tripeptide (A-M-A) and 3.0 mM PN were incubated in both the absence (open circles) or presence (closed circles) of CO2: i.e., in 0.3 M K-PO4 buffer or in bicarbonate buffer prepared as described in Fig. 4 . After incubation for 5 min at room temperature, the samples were analyzed for methionine sulfoxide content as described in Materials and Methods. expose functional groups of amino acid residues to PN attack or to the deprotonation of some amino acid residues, making them more susceptible to oxidation by PN. If, in fact, lysine residues of proteins are targets for PN conversion to carbonyl groups, as is suggested by the studies with amino acid polymers, then the pH-dependent increase in carbonyl formation might reflect the deprotonation of the -amino groups of lysine residues in proteins over the pH range of 9.8-10.4. Because of insensitivity of the amino acid analysis of protein hydrolysates and the fact that only small amounts of carbonyl groups are formed by the PN-treatment, it was not possible to demonstrate directly that the generation of carbonyl derivatives is linked to the modification of lysine residues. In confirmation of earlier reports (6, 7), we found that nitration of tyrosine residues in GS at pH 7.5 is almost completely dependent on the presence of CO 2 (Fig. 1) . When reactions are carried out in bicarbonate buffers at physiological CO 2 concentrations (1.3 mM), the nitration of tyrosine in both GS and BSA decreased with increasing pH over the range of 7.3 to 8.2. However, with further increases in pH from 8.2 to 8.8, there was an enormous increase in the nitration of GS but no additional increase in BSA (Fig. 5) . To the contrary, it was recently reported that treatment of BSA with PN in the presence of 0.06 mM CO 2 lead to a 4-fold increase in the level of nitrotyrosine with increasing pH over the range of 5-9. There is no obvious explanation for this discrepancy. The experimental conditions of the two studies are very different. As noted in Materials and Methods, our studies were carried out in a closed system in which the pH was fixed by equilibration of 5% CO 2 -95% N 2 gas mixtures with an amount of bicarbonate needed to yield the desired pH, and 1.3 mM dissolved CO 2. ; the studies of Gow et al. (28) were carried out in an open system containing 100 mM PBS and amounts of bicarbonate calculated to yield 0.06 mM CO 2 . Significantly, the solution concentrations of both CO 2 and HCO 3 Ϫ were orders of magnitude higher in our studies. In our studies, the concentrations of bicarbonate needed to obtain equilibrium mixtures containing a physiological concentration of CO 2 (1.3 mM) varied from 12 to 700 mM as the pH was raised from 7.3 to 8.8.
Even so, it is not evident why the pH-dependence profiles of tyrosine nitration for GS and BSA are so different in the higher pH range because the experimental conditions were identical and the number of tyrosine residues present per milligram of protein are almost the same for BSA and GS. As noted earlier, the difference in nitration at the higher pH values might reflect differences in the effects of pH and/or ionic strength on protein conformation. We showed previously that the tyrosine residues in GS, which were nitrated at pH 7.4, were generally those that were solvent-exposed in the crystal structure (7) . In contrast to tyrosine nitration, the PN-dependent oxidation of methionine residues in GS and in the tripeptide ala-met-ala is almost independent of pH and is strongly inhibited by physiological concentrations of CO 2 (Figs. 1 and 6 ).
Attempts to explain why treatment of the sarcoplasmic Ca-ATPase with PN leads to formation of high levels of carbonyl groups (13) were unsuccessful. Treatment of GS with PN in the presence of egg white phosphatidylcholine had little or no effect on the production of protein carbonyls. However, the fact that lipid hydroperoxides are more effective than H 2 (14) . From the kinetic and equilibrium constants, it is clear that, in the presence of 1.3 mM CO 2 , the predominant radicals will be Ċ O 3 Ϫ and Ṅ O 2 . The Ċ O 3 Ϫ will react with the aromatic ring of tyrosine to form a tyrosyl radical, which will react with Ṅ O 2 to form a nitrated tyrosine. However, Ċ O 3 Ϫ is not an effective oxidizing agent for generating methionine sulfoxide and carbonyl derivatives of amino acid residues. In the absence of CO 2 , one obtains a relatively small quantity of Ȯ H, Ȯ Ϫ , and Ȯ 2 Ϫ , known oxygen-containing free radicals that are capable of oxidizing methionine and generating protein carbonyl derivatives (31) . At alkaline pH, and in the absence of CO 2 , the anionic PN Ϫ is stable, and, thus, it could supply relatively low levels of the free radicals produced in reactions (1), (2) , and (2Ј) (Scheme 1) for reaction with proteins over a much longer time interval. Thus, the observed protein modifications by PN are consistent with free radical-mediated reactions.
In view of the fact that barely detectable amounts of carbonyl groups are formed when proteins are treated with PN at pH 7.4 Proc. Natl. Acad. Sci. USA 96 (1999) at physiological CO 2 concentrations, it seems unlikely that PN contributes significantly to the increase in protein carbonyl derivatives, as occurs during aging and various age-related diseases. This suggests that the presence of high levels of protein carbonyls in tissues may serve as a measure of oxidative damage caused by forms of reactive species other than PN.
